Abstract. Scenarios based on the existence of large or warped (Randall-Sundrum model) extra dimensions have been proposed for addressing the long standing puzzle of the gauge hierarchy problem. Within the contexts of both those scenarios, a novel and original type of mechanism generating small (Dirac) neutrino masses, which relies on the presence of additional right-handed neutrinos that propagate in the bulk, has arisen. The main objective of the present study is to determine whether this geometrical mechanism can produce reasonable neutrino masses also in the interesting multi-brane extensions of the Randall-Sundrum model. We demonstrate that, in some multi-brane extensions, neutrino masses in agreement with all relevant experimental bounds can indeed be generated but at the price of a constraint (stronger than the existing ones) on the bulk geometry, and that the other multi-brane models even conflict with those experimental bounds.
Introduction
The old proposal for additional spatial dimension(s) [1, 2] and the more recent idea of brane universe models [3] [4] [5] [6] [7] have received considerable attention in the late nineties as novel frameworks for addressing a long standing puzzle: the gauge hierarchy problem. Indeed, several new approaches toward the gauge hierarchy question, based on the existence of extra dimension(s), have been suggested in the literature [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The first approach [8] [9] [10] , which was proposed by Arkani-Hamed, Dimopoulos and Dvali (ADD), is the following one. If spacetime is the product of a 4-dimensional Minkowski spacetime with a n-dimensional compact space, and standard model (SM) fields are confined to the 4-dimensional subspace whereas gravity propagates also in the extra compact space, then one has
M being the fundamental (4 + n)-dimensional mass scale of gravity, M Pl = 1/ √ 8πG N 2.4 10 18 GeV (G N ≡ Newton constant) the effective 4-dimensional (reduced) Planck scale and V n the volume of compact space. Hence, by taking a sufficiently large size of new n dimensions, the value of fundamental scale M can be of the order of TeV, which removes the important hierarchy between the gravitational and electroweak energy scales. Nevertheless, another hierarchy is then introduced: the discrepancy between the a e-mail: Gregory.Moreau@ulb.ac.be electroweak symmetry breaking scale (∼ 100 GeV) and the compactification scale (∼ V −1/n n ). An elegant alternative solution to the gauge hierarchy problem was proposed by Randall and Sundrum (RS) [11, 12] . The RS scenario consists of a 5-dimensional theory in which the extra dimension (parameterized by y) is compactified on a S 1 /Z 2 orbifold of radius R c (so that −πR c ≤ y ≤ πR c ). Gravity propagates in the bulk and the fifth dimension is bordered by two 3-branes with tensions tuned such that,
where Λ is the bulk cosmological constant, M 5 the fundamental 5-dimensional Planck scale and 1/k the anti-deSitter (AdS 5 ) curvature radius (see below). Within this context, the zero mode of graviton is localized on the positive tension brane, namely the 3-brane at y = 0. Hence, while on this brane (referred to as the Planck brane) the 4-dimensional Planck mass is of order M Pl , on the other brane (at y = πR c ) the effective Planck scale,
is affected by the exponential "warp" factor w = e of magnitude as the electroweak scale. In this sense, the RS model provides a new natural solution to the gauge hierarchy problem.
Besides, in the RS framework, no additional strong hierarchy between fundamental scales appears (in contrast with the ADD approach) as the compactification scale (2πR c ) −1 is of order M 5 /70. However, in the RS scenario, we live on a brane with negative tension (see (2)) which seems generically problematic as far as gravity and cosmology are concerned (see [16, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] for a complete discussion). In particular, as it is clear from the corrected Friedmann equation for the Hubble expansion rate of our brane world, on our negative tension brane the energy density of normal matter/radiation should be negative, which conflicts with the absence of any noticeable effects of anti-gravity in our universe.
In order to avoid this potential cosmological problem, some multi-brane extensions of the RS model (still addressing the gauge hierarchy problem), in which the SM fields are stuck on a positive tension brane, have been constructed [13] [14] [15] [16] [17] . In the RS model extension of [13, 14] , two positive tension branes are sitting on the fixed points of the S 1 /Z 2 orbifold, namely at y = 0 and y = ±πR c , and a third parallel 3-brane with negative tension can move freely in between. Within this "+ − +" scenario, our universe is the "+" brane at y = ±πR c (the two brane RS model is denoted as "+−" accordingly to this terminology). In another possible RS extension: the "+ + −" model [13, 15] , a "+" brane is located at y = 0, a "−" brane at y = ±πR c and we live on an intermediate parallel "+" brane. In the "++" model [16, 17] , two "+" branes are sitting on the two orbifold fixed points and we live on one of them.
It must be first mentioned that the original motivation for the multi-brane RS extensions (which is to provide a solution to the cosmological problem, arising in the RS model, related to the modification of the Friedmann equations) is not as strong as it seems. Indeed, in the presence of a mechanism stabilizing the size of the extra dimension within the RS model (like the mechanisms suggested in [32] or [33] ), the ordinary FRW (Friedmann-Robertson-Walker) equations are recovered [34] . However, the multi-brane RS extensions remain interesting alternatives to the initial version of RS model since they give rise to a specific phenomenology. As a matter of fact, the multi-brane RS extensions possess a specific feature: the first KK excitations of a bulk fermion (or the graviton) are typically anomalously light (relatively to the electroweak scale) [35, 36] 1 . The reason being that the magnitude of wave functions for the first fermion KK modes typically approximates closely that for the 0-mode, differing significantly only in a region where the 0-mode wave function is exponentially suppressed.
Several other models, which extend the original RS framework, have also been elaborated in the literature, including the possibilities of configurations with several branes [38] [39] [40] , intersecting branes [41, 42] or non-compact extra dimension(s) [43] [44] [45] [46] (as for instance in the case of an infinite crystalline universe [15, [47] [48] [49] ). Those theoretical models lead generally to a rather complicated phenomenology.
Nevertheless, within all these attractive scenarios, namely ADD, RS and its multi-brane extensions, understanding the lightness of neutrinos (with respect to the electroweak energy scale) becomes a challenge. Indeed, in this new class of brane universe models, the (effective) mass scale of gravity is of the order of TeV so that there exist no high energy scales. Hence, this brane world picture conflicts with the traditional interpretation of small neutrino mass size invoking the "see-saw" mechanism [50] [51] [52] , which requires a superheavy mass scale close to the GUT scale (∼ 10 16 GeV). In the context of the ADD scenario, a novel type of explanation for the smallness of neutrino masses has been proposed in terms of purely geometrical means [53, 54] (the associated neutrino phenomenology has been extensively studied in [55-73,75]) 2 . We recall here briefly the basic ideas of this kind of explanation, which does not rely on the existence of any high energy scale. The starting point is the observation that a right-handed neutrino added to the SM would be a gauge singlet, and could thus propagate freely inside the bulk. In such a situation, small Dirac neutrino masses can be naturally generated as the Yukawa couplings, between the Higgs boson, SM left-handed neutrinos and zero mode of bulk right-handed neutrinos, are suppressed, due to the weak interaction probability of bulk neutrinos with SM fields (which are confined to our 4-dimensional subspace). This suppression is considerable since, in the ADD framework, the volume of extra compact space is large relative to the thickness of the wall where SM states propagate. More precisely, the effective 4-dimensional mass term, between SM neutrinos and zero mode of bulk neutrinos, involves a suppression factor of the form (see (1))
where κ represents the dimensionless Yukawa coupling constants and υ 174 GeV the vacuum expectation value (VEV) of the SM Higgs boson. The physical neutrino masses are the eigenvalues of the whole neutrino mass matrix, which involves the masses of type (4), but also the masses of the Kaluza-Klein (KK) excitations of bulk righthanded neutrinos, as well as the masses mixing those KK modes with the SM left-handed neutrinos (which originate from the Yukawa couplings).
The same kind of intrinsically higher-dimensional mechanism as above (with an additional right-handed neutrino in the bulk), producing small neutrino masses, can apply to
